Retrospective clinical studies have used immune-based biomarkers, alone or in combination, to predict survival outcomes for women with breast cancer (BC); however, the limitations inherent to immunohistochemical analyses prevent comprehensive descriptions of leukocytic infiltrates, as well as evaluation of the functional state of leukocytes in BC stroma. To more fully evaluate this complexity, and to gain insight into immune responses after chemotherapy (CTX), we prospectively evaluated tumor and nonadjacent normal breast tissue from women with BC, who either had or had not received neoadjuvant CTX before surgery. Tissues were evaluated by polychromatic flow cytometry in combination with confocal immunofluorescence and immunohistochemical analysis of tissue sections. These studies revealed that activated T lymphocytes predominate in tumor tissue, whereas myeloid lineage cells are more prominant in "normal" breast tissue. Notably, residual tumors from an unselected group of BC patients treated with neoadjuvant CTX contained increased percentages of infiltrating myeloid cells, accompanied by an increased CD8/CD4 T-cell ratio and higher numbers of granzyme B-expressing cells, compared with tumors removed from patients treated primarily by surgery alone. These data provide an initial evaluation of differences in the immune microenvironment of BC compared with nonadjacent normal tissue and reveal the degree to which CTX may alter the complexity and presence of selective subsets of immune cells in tumors previously treated in the neoadjuvant setting.
inflammation | macrophage S everal subtypes of CD45-expressing leukocytes infiltrate breast cancer (BC), including CD4 + and CD8 + T cells, CD20 + B cells, and multiple myeloid-lineage cells including tumor-associated macrophages (TAMs) that are often identified by immunohistochemical (IHC) detection of CD68 (1) . High lymphocyte infiltration is associated with increased survival in patients <40 y of age (2) and with a favorable prognosis in subsets of patients whose tumors are also heavily infiltrated by TAMs (3) . More specifically, large cohort studies of patients with BC have revealed that the presence of CD68 + cells in tumor tissue correlates with poor prognostic features (4-6), higher tumor grade (7) (8) (9) , increased angiogenesis (10-13), decreased disease-free survival (6, 11, 14, 15) , and increased risk for systemic metastasis when assessed in conjunction with endothelial and carcinoma cell markers (16) .
The functional significance of specific leukocytes in BC development has been implied based on experimental studies using murine models of mammary carcinogenesis where mice harboring homozygous null mutations in genes specifying leukocyte development or recruitment have been evaluated. In transgenic mice expressing the polyoma virus middle T antigen regulated by the mouse mammary tumor virus promoter (MMTV-PyMT mice), progression of mammary carcinomas and metastases to lungs are reduced in mice lacking the colony-stimulating factor-1 (csf1) gene, a cytokine critical for macrophage maturation and recruitment (17, 18) . TAMs in mammary tumor tissue are often associated with vasculature (19) , where their production of VEGFA fosters angiogenic programming of tissue (20, 21) , and their production of EGF promotes invasive tumor growth and subsequent metastases (22, 23) . Moreover, TAMs regulated by epithelial CSF1 express higher levels of several hypoxia-induced genes (iNOS and arginase-1) that, in turn, mediate suppression of anti-tumor immunity by blocking cytotoxic T-cell proliferation and activation (6, 24) . Thus, TAM presence and bioactivity within mammary tumors correspond to their clinical activity, further indicating the importance of TAMs, not only in promoting tumor development, but also in suppression of anti-tumor immunity. CD4 + T cells isolated from human BC produce high levels of type II helper (T H 2) cytokines including IL-4 and IL-13 (25, 26) , which are significant in light of studies demonstrating that several protumor activities of TAMs are regulated by IL-4 derived from CD4 + T cells (1, 27) . Based on these findings, we recently reported that infiltration by CD68 + , CD4 + , and CD8 + immune cells in human BC is predictive of overall survival, and that the ratio of CD68 to CD8a mRNA in tumor tissue correlates with complete pathologic response (pCR) in patients undergoing neoadjuvant chemotherapy (CTX) for early stage BC (6) . Despite the clear correlation between these specific immune cell types and BC clinical outcome, leukocyte complexity within tumor tissue remains poorly described, with most studies relying on singlemarker IHC detection. Furthermore, although some studies have examined the effects of CTX on the presence and function of circulating peripheral blood leukocytes (28) , data regarding the effect of CTX on tumor-infiltrating immune cells are limited (29) .
Herein, we evaluated leukocytic infiltrates in breast tissue from predominantly hormone receptor positive patients who had, or had not, received CTX before definitive surgery. In CTXnaïve patients, we found that activated T lymphocytes comprised the majority of immune cells within tumors, whereas myeloidlineage cells predominate in nonadjacent normal breast tissue. In contrast, tumors from patients with residual disease after neoadjuvant CTX contained higher levels of infiltrating myeloid cells, with a simultaneous shift away from a T H 2 dominated lymphocyte response.
Results
Increased Presence of T Cells in Tumor Tissue. To evaluate the composition of tumor-infiltrating leukocytes in human BC, tumors from 20 patients were evaluated by polychromatic flow cytometry and IHC detection of leukocyte lineages in tissue sections as described in Materials and Methods. Nine invasive ductal carcinomas (IDC) and five invasive lobular carcinomas (ILC)-mostly histological grade two or three-were obtained from patients with no prior exposure to CTX (CTX-naïve) at the time of primary surgery for early stage BC, although one patient had received neoadjuvant tamoxifen. Six tumor samples were obtained from patients previously treated with neoadjuvant CTX before resection (CTX-treated), consisting entirely of grade two or three IDC. Notably, three of six CTX-treated tumors were HER2/neu-positive, compared with only 1 of 14 CTX-naïve tumors, whereas both groups contained roughly equivalent percentages of tumors negative for estrogen, progesterone, and HER2 receptors (triple negative). Details of tumor pathology are outlined in Table S1 . Ipsilateral nonadjacent tissue was also obtained from seven CTX-naïve and four CTX-treated patients for use as "normal" tissue, in addition to tissues from two contralateral prophylactic mastectomies from patients with ipsilateral ductal carcinoma in situ (DCIS).
Immune infiltrates detected with the pan-leukocyte marker CD45 were present in both normal and tumor tissue, but with substantially increased density in BC (Fig. 1A) . Leukocyte subsets were evaluated by using a combination of lineage markers to identify specific subpopulations (Figs. S1 and S2), with the complexity of these populations shown in Fig. 1B as a ) were more evident in the normal tissue from these patients. A similar immune profile was observed in breast tissues obtained from the two prophylactic mastectomies (Fig. 1B) . 
CD49d
+ eosinophilswhich were present just at a detectable level in the tissues examined-increased presence of myeloid-lineage cells typified residual tumors of women treated with neoadjuvant CTX.
CD68 Is Not a Macrophage-Specific Marker in Human BC. Macrophages are well established as regulators of murine mammary tumorigenesis (30) , where they can represent up to 80% of leukocytes present within late stage mammary carcinomas (1). In human BC, immunoreactivity for CD68 has been used extensively for identification of macrophages, with CD68 + cell density associated with reduced overall survival (6, 11, 14, 15) .
The high number of CD68 + cells reported in the literature, and shown in Fig. 3A , was in contrast to the limited number of CD14 hi
CD11b
+ HLA-DR + macrophages observed by flow cytometry in the BC suspensions examined (Figs. 1B and 2A). To understand this discrepancy, we first evaluated CD68 expression in BC tissue sections, compared with CD163 (a hemoglobin scavenger receptor also commonly used as a marker for macrophages) and CSF1R (Fig. 3A) . This comparative analysis revealed a lack of correlation in cell density among the three markers. We next evaluated frozen BC tissue sections by confocal microscopy after immunofluorescent detection of CD68 in combination with CSF1R or CD45 (Fig. 3B) . Although all cells expressing high levels of the CSF1R also expressed CD68, there was a distinct population of CD68 + cells that expressed neither CSF1R nor CD45. CD68 did not significantly colocalize with keratin + epithelial cells, CD31 + endothelial cells, or smooth muscle actin α-expressing mural cells surrounding vasculature (Fig. 3C ). This expression contrasted with murine mammary tumors isolated from MMTVPyMT transgenic mice (17) , where CD68 + cells coexpressed both CSF1R and the murine macrophage marker F4/80 (Fig.  S3 ). In agreement with historic literature (31, 32) , these results thus indicate that CD68 is not a macrophage-specific marker in human BC.
Tumor-Infiltrating T Cells Display an Activated Phenotype. To reveal the phenotype of T cells infiltrating BCs, we examined surface marker and chemokine receptor expression of tissue-infiltrating CD4 + and CD8 + T cells (Fig. 4 A and B) . Specifically, both CD4 + and CD8 + T cells displayed increased expression of activation markers CD69 and HLA-DR compared with peripheral blood T cells, with a corresponding loss of markers for naïve T cells, CD45RA, and CCR7. Furthermore, although all T cells constitutively expressed the costimulatory receptor CD28 (Fig.  S4A) , expression of CD27, another costimulatory receptor, was reduced in a large proportion of tissue-infiltrating cells, indicative of shedding after interaction with its ligand CD70 (33) and potential acquisition of effector functions (34, 35) . CD4 + and CD8 + T cells also displayed substantially up-regulated expression of chemokine receptors CCR4 and CCR5 (Fig. 4B) , and although CD8 + T cells constitutively expressed CXCR3, tissueinfiltrating CD4 + T cells exhibited higher CXCR3 expression than their counterparts in peripheral blood. Surface marker expression by tissue-infiltrating CD4 + and CD8 + T cells was subtly different between tumor and benign tissue in some samples; however, these changes were not consistent across patients, or between CTX-naïve and CTX-treated groups (Fig. S4B ).
Altered Lymphocyte Balance in Residual Tumors After Neoadjuvant CTX. Although we observed no difference in the percent of CD3e − CD56 + NKG2D + natural killer (NK) cells (Fig. 5A ), higher levels of CD19/CD20 + HLA-DR + B cells were evident in several CTX-naïve tumors compared with both normal tissue and CTX-treated tumors. As has been reported (36), B cells were clustered together in association with T cells (Fig. 5C) . Notably, CD4
+ T cells as a percent of the total CD45 + population were also increased in CTX-naïve tumors compared with both normal tissue and residual postneoadjuvant tumors (Fig.  5D ). As the percent of CD8 + T cells was unchanged (Fig. 5E ), the lower percentage of CD4 + T cells within the CTX-treated group resulted in an increased CD8 to CD4 ratio (Fig. 5F ). Although it was unclear whether the density of CD8 + cells in CTXtreated residual tumors was increased (Fig. 5G) , the number of cells expressing granzyme B was strikingly evident in two of six CTX-treated tumors (Fig. 5H) , whereas minimal granzyme B staining was observed in CTX-naïve tumors, even in areas with high numbers of CD8 + T cells (Fig. 5I ). Despite the reduced percentage of CD4 + T cells in tumors from CTX-treated patients, there was no change in the density of IHC detected regulatory T cells expressing FoxP3 (Fig. S5A) , which was specifically expressed by CD3 + CD4
+ cells in the tumor (Fig. S5B) . Gating on CD25 hi cells, consisting of >80% FoxP3
+ cells in all samples tested, also revealed that the relative percentage of these cells was invariant between groups (Fig.  S5C) . Phenotypically, CD4 +
FoxP3
+ cells displayed an activated phenotype with equivalent surface levels of CD45RO and CD69 
to CD4
+ FoxP3 − cells and, as has been reported for cells in peripheral blood (37) , expressed lower levels of CD127 (Fig. S5D) . Interestingly, although not all FoxP3 + cells expressed HLA-DR, they did comprise the majority of HLA-DR-expressing CD4 + T cells, in addition to coexpressing high levels of CD25.
These data collectively reveal a shift within tumors toward a T H 2-type response in BC characterized by increased presence of B cells and CD4 + T cells, in comparison with nonadjacent normal breast tissue. This shift is reversed in tumors obtained from CTXtreated patients, with additional evidence of a cytotoxic T-cell response through a more favorable CD8/CD4 T-cell ratio and increased presence of granyzme B-expressing lymphocytes; thus, even residual tumors from patients with a poor response to CTX may contain immune microenvironments that are more favorably skewed towards an anti-tumor, T H 1-type immune response.
Discussion
Herein, we present a detailed description of leukocyte complexity in BC as evaluated in a cohort of CTX-naïve patients with stage 2/3 tumors, compared with patients with significant residual disease after neoadjuvant CTX. T lymphocytes were the major population within both CTX-naïve and CTX-treated tumors, found almost exclusively in an activated state as determined by increased expression of CD69 and chemokine receptors, with simultaneous loss of naïve markers CCR7 and CD45RA. The presence of activation markers, however, does not definitively demonstrate that intratumoral T cells are functionally active. In fact, granzyme B expression was minimal within tumors from CTX-naïve patients, suggesting negligible cytotoxic activity by infiltrating CD8 + T cells. In comparison, granzyme B was highly expressed in one-third of the CTX-treated tumors, suggestive of a more cytotoxic T-cell response within some tumors after exposure to CTX. Importantly, residual tumors from CTX-treated patients also contained reduced percentages of B cells and CD4 + T cells. Tumor-infiltrating CD4 + T cells in BC are known to express the T H 2 cytokines IL-4 and IL-13 concomitantly with the production of IFN-γ (25, 26) , consistent with coexpression of CXCR3 and CCR4 (38, 39) as we observed herein. It remains to be determined whether cytokine production by CD4 + T cells is altered by neoadjuvant CTX; however, the combined reduction in both CD4 + T cells and B cells is indicative of a favorable shift away from a T H 2 microenvironment. This shift could be relevant for TAM function, as has been described in the MMTV-PyMT model where TAMs are programmed by IL-4 toward a T H 2 phenotype (1), and more recently in pancreatic ductal adenocarcinoma during treatment where an agonist CD40 monoclonal antibody fostered cytolytic macrophage activities (40) .
Although the extent of lymphocyte infiltration has been associated with improved prognosis in subsets of patients (2, 3), and with pCR after CTX (41, 42) , information regarding the relationship between individual lymphocyte subsets to survival is limited. High FoxP3 counts correlate with reduced overall and relapse-free survival in estrogen receptor (ER)-positive tumors (43) , and pCR to neoadjuvant CTX is associated with reduced FoxP3 grading (44, 45) . Although two studies examining T-cell infiltration by flow cytometry found conflicting results regarding the CD8:CD4 ratio and lymph node metastasis (46, 47) , the number of CD8 + T cells within tissue has been associated with improved patient survival (48) . We have also reported a CD68/ CD4/CD8 immune signature predicting overall and relapse-free survival, with inverse correlations evident for CD4 when used in conjunction with other markers (6) . There is thus an urgent need for additional prospective investigations where multiple parameters of lymphocytic infiltration and functionality are evaluated to determine the most significant biomarker comparisons that predict outcome and guide specific therapy. Although used successfully in multiple studies to relate TAM infiltration with clinically relevant outcomes, our results indicate that CD68 alone cannot accurately evaluate macrophage presence in human breast tissue given that multiple stromal cells express it and that a subset of these are CSF1R-and CD45-negative. We observed that the nonleukocytic CD68 + cells were predominantly located within tumor stroma and, thus, based on this localization and morphology, we speculate that CSF1R −
CD68
+ cells likely reflect tumor-associated fibroblasts or monocyte-derived fibrocytes in agreement with other reports (31, 32, (49) (50) (51) (52) . Our findings do not invalidate CD68 as a clinically relevant marker and, importantly, CSF1-response gene signatures have been identified in breast adenocarcinomas that are predictive of recurrence risk and metastasis (53, 54) . However, given the important role that fibroblasts (and perhaps fibrocytes) play in fostering aspects of tumorigenesis (55) (56) (57) , differentiating among macrophages, fibroblasts, and other stromal populations within tumors has the potential to improve diagnostic information currently generated by immunodetection of CD68.
As we have reported for expression of csf1 mRNA (6), multiple genes encoding myeloid cell chemoattractants are differentially expressed by human BC cell lines, with variable induction of these genes in response to CTX (Fig. S6) . Although differential expression between cell lines corresponding to particular subtypes of BC is evident, it is doubtful these cell lines accurately represent the response of BC tumor tissue; thus, we are investigating whether differences in myeloid cell infiltrates reflect distinct molecular subtypes of BC and to what extent these differ in residual tumors from CTX-treated patients.
It is important to acknowledge that leukocyte composition within tumors responding to CTX likely differs substantially from residual or recurrent tumors from patients that have received CTX, given what is known regarding immune responses to CTXinduced cell death (28) . However, we recently reported that in mammary carcinomas of MMTV-PyMT mice, blockade of the CSF1-CSF1R pathway critical for TAM recruitment improved response to CTX through a CD8 + T-cell-dependent effect (6). Thus, even though the findings presented herein are based on a small dataset of heterogeneous tumor subtypes, and our results may be biased because of sample selection favoring large and/or less CTX-responsive tumors among the CTX-treated group, the clear distinctions in the myeloid profiles between CTX-naive and CTX-treated tumors is provocative and indicates that a CSF1-targeted strategy may be a promising approach to enhance therapeutic efficacy of cytotoxic CTX, particularly for treatment of refractory BC. Moreover, given the increase in granulocytic populations within tumors resistant to CTX, and the involvement of these cells in regulating immune responses in chronic inflammatory diseases (58) (59) (60) (61) (62) , these populations may also be functionally relevant, and targeting common pathways of immune suppression within the tumor microenvironment may provide additional therapeutic opportunities to increase efficacy of neoadjuvant CTX. 
Materials and Methods
Tissues were collected at the time of surgery from consenting patients at the University of California, San Francisco under approval from the institutional review board. Tumor and ipsilateral nonadjacent normal tissues were collected by a certified pathologist (A.A.) and were prepared for analysis on the day of resection. The percent of macrophages and CD8 + T cells has been reported for a subset of the patients described here (6) . Flow cytometry, immunohistochemistry, and immunofluorescence were performed as described (6) , with detailed methods contained in SI Materials and Methods, and a list of antibodies available in Tables S2 and S3 
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Ruffell et al. 10 .1073/pnas.1104303108 SI Materials and Methods Flow Cytometry. Freshly resected tissue was manually minced and then incubated for 45 min at 37°C in DMEM (Invitrogen) with 2.0 mg/mL Collagenase A (Roche) and 50 units/mL DNase I (Roche). Single cell suspensions were prepared by filtering through 70-μm nylon strainers (BD Biosciences), and <10 6 cells were incubated for 30 min on ice with Fc Receptor Binding Inhibitor (eBioscience) diluted 1/10 in PBS containing Live Dead Aqua (1:500, Invitrogen). Cells were then incubated for 30 min in PBS containing 1.0 mM EDTA and 5% FCS along with manufacturers' suggested dilutions of fluorescently labeled primary monoclonal antibodies (Table S2) . After washing once, cells were fixed with BD Cytofix for 30 min on ice, washed again, and stored at 4°C until analysis with an LSRII flow cytometer (BD Bioscience). Before intracellular FoxP3 staining, cells were instead fixed with the FoxP3 Fixation/Permeabilization system (eBioscience) according to the manufacturer's instructions.
Immunohistochemistry. Sections (5 μm) of formalin-fixed, paraffinembedded tissues were deparaffinized with xylene, rehydrated, immersed in antigen retrieval citra (BioGenex), then heated for 7 min at maximum power in a microwave, followed by a 30-min incubation in the heated buffer. After washing 3 times in PBS and surrounding tissues with a hydrophobic Super Pap Pen (The Binding Site), peroxidase activity and nonspecific binding was blocked with appropriate components of the Thermo Scientific Ultravision Detection Kit according to the manufacturer's instructions. After a second blocking step with PBS containing 5% goat serum, 2.5% BSA, and 0.1% Tween-20, unlabeled primary antibodies (Table S3) were diluted according to manufacturers' recommendations and added to sections overnight at 4°C. After washing, antibodies were detected by using the appropriate components of the Thermo Scientific Ultravision Detection Kit according to manufacturer's instructions. After development with liquid DAB, slides were washed in H 2 O, counterstained briefly with 1% Methyl Green, dehydrated, and mounted with Cytoseal (Thermo Scientific). Representative images and quantitative image analysis was done by using the Aperio ScanScope CS Slide Scanner (Aperio Technologies) system with a 20× or 40× objective to capture whole-slide images. Positive staining was assessed with the nuclear default algorithm (Aperio).
Immunofluorescence. Sections (10 μm) of PFA fixed, sucrose protected, OCT embedded tissues were thawed at 37°C for 10 min, permeabilized with 100% ice-cold acetone for 10 min, washed in PBS, and then blocked with goat blocking buffer for 2 h. To use two primary antibodies from the same species, one antibody was added at a 100-fold reduced dilution overnight at 4°C in 0.5× blocking buffer, and after washing, slides were incubated with a biotinylated anti-mouse or rabbit secondary (Vector Laboratories) for 30 min. The signal from the diluted antibody was then amplified with a TSA indirect kit (PerkinElmer) according to manufacturer's instructions. After extensive washing, additional primary antibodies were added overnight at 4°C. After another round of washing, goat anti-mouse Alexa 488, donkey anti-rabbit or anti-mouse Alexa 546, and streptavidin Alexa 647 (1/500, Invitrogen) were used to detect all three antibodies. To use three primary murine antibodies, slides were blocked with 5.0 μg/mL mouse IgG1 and IgG2a (BioLegend) for 30 min after detection of the first primary antibody with antimouse Alexa 647. Slides were then incubated with two primary antibodies directly conjugated to either FITC or Cy3 for 3 h, washed, and incubated with goat anti-FITC Alexa 488 (Invitrogen). Slides were mounted with ProLong Gold with DAPI anti-fade mounting medium (Invitrogen) overnight, and images were acquired by using a LSM510 Confocal Laser Scanning Microscope (Carl Zeiss).
Real-Time PCR. Culture and exposure of human BC cell lines to CTX agents was performed as described (1) . mRNA was isolated from cells by using the RNeasy mini kit (Qiagen), contaminating DNA was removed by DNase I (Invitrogen) digestion, and reverse transcription into cDNA was performed by using SuperScript III (Invitrogen) according to the manufactures' directions. Real-time PCR was performed by using the Taqman system after a preamplification step with TaqMan PreAmp (Applied Biosystems) according to the manufacturer's instructions. 
